Cold spray is a process in which a metal substrate is exposed to a high-velocity (300-1200 m/s) jet of feedstock particles (5-40 µm). The particles from a layer of coating on the substrate. The deposited particles deform plastically and form bonded interfaces with each other. We present results from a simple particle-based model to study the mechanical response of the aggregate. The model takes the geometry of bonded interfaces directly from electron micrographs of sectioned aggregates, and the only tunable parameter, α, represents the cohesive strength of the bonded interfaces, and we perform a parametric study in which we vary this parameter. We study i) the linear elastic response to homogeneous strain, ii) the ultimate strength under various types of homogeneous loading, iii) micro-indentation. The shear modulus, µ, is reduced by 40% and the compression modulus, K, is reduced by 15% as α is tuned from 1 (monolithic material with perfectly bonded interfaces) to 0 (perfectly weak interfaces with no cohesive strength). For failure under uniaxial compression, the samples remain surprisingly strong even for completely weak interfaces with no cohesive strength.
Chapter 1
Introduction

Cold spray technology overview
Cold spray is a coating process in which a substrate is bombarded with high velocity (300 to 1200 m/sec) particles (5 to 40 µm) of the coating material [19] . A propellant gas (Nitrogen, Helium, or a mixture of both) is used to force the feedstock particles through a nozzle to supersonic velocities. Unlike traditional thermal spraying techniques, the temperature of the particles is always below the melting point; which is why cold spray is classified as a solid state process [19, 18] . Two of the advantages of cold spray technique over traditional thermal spraying are the preservation of the original material chemical composition by the virtue of keeping the process temperature below the melting point [4, 16] .
The cold spray technique has been known since the 1900s. Due to the unique characteristics of cold spray coatings, the technology is being adopted in a wide spectrum of applications nowadays, particularly in non-traditional, temperature-sensitive processes. Typical applications of cold spray coatings include surface restoration of aerospace parts and protection of sensitive materials (such as aluminum alloys) against corrosion and wear [25] .
Understanding the bonding mechanisms is a key requirement in cold spraying optimization efforts. It is established that the quality and properties of cold spray coatings are highly dependent on how well it is bonded at the interfaces [23] . Particle-substrate adhesion and particle-particle cohesion are the two primary interactions involved in this process [18] . A lot of efforts have been dedicated to the mechanism by which particle/substrate, mainly, and particle/particle bondings develop, and to the effect of annealing in improving the mechanical properties of the CS coatings [6, 7, 2, 21] . The particles bond to each other. Relatively little is known about how strong they are bound. In this study, we focus our attention on the effect of particle/particle interfacial strength and the geometry of the aggregates on the mechanical response of the coating; which we believe are the primary features that govern the mechanical behavior of the coating. We hope that this first study on how interface morphology and strength affect aggregate performance can serve as a guide for interpreting experimental results on mechanical tests and as a starting point for more elaborate models which go beyond interface morphology and strength.
Chapter 2 Modeling
In this chapter, we review the major stages in preparing the model we used in studying cold spray coatings and highlight the main features of the model along with the relevant background theory. Figure 2 .1 shows a sectional SEM micrograph of an Aluminum cold spray sample. We take the data from the micrograph as input data for our model. We define any regions from the micrograph with sufficiently high contrast as interface regions. The rest of the sample is defined to be bulk. Figure 2 .1: Micrograph of a cold spray sample section. Material Al1100, N2 carrier gas, preheated to 500 degrees C, impact particle velocity 710 m/s, particle average size 27 micron (Gouldstone's lab, Northeastern University)
Introduction
Model setup
Initial mesh
An amorphous mesh (figure 2.2) of two particle sizes R 1 and R 2 , where R 2 /R 1 = 1.4, to prevent crystallization, is created. The mesh contains N/2 particles of each size with N ≈ 100 × 10 3 . The mass M a /M b ≈ 0.51. We start with particles randomly distributed in a 2D box. Initially, we run a simulation with soft potential interactions and viscous damping to relax the system. Soft potential is a pair-wise interaction potential used to push apart overlapping particles because it does not blow up as the separating distance between the particles approaches zero, and is given by:
], r < r c . Where A is a prefactor controlling the softness of the potential, r is the center to center distance, and r c is the cut-off distance. The viscous damping is a frictional effect enforced on the system so each atom faces a drag force proportional to its velocity to drain the kinetic energy. We adjust the box size after each soft viscous run and repeat the run until there is no overlap anywhere in the system. Next, we switch the potential to Lenard-Jones and repeat the viscous run simulations and box re-sizing until we reach a negligible residual pressure and shear stress in the system. The L.J. potential V LJ is a pair-wise interaction given by:
.
where ε and σ are parameters, and r is the center to center distance between the interacting pair. 
Cells with weak interfaces
We take the geometry of interfaces from the microscopic image shown in figure 2.1. We imageprocess the micrograph into a binary image, black and grey pixels, standing for monolithic (strong) and interface (weak) material, respectively. We overlay the binary image on top of the background mesh and label the particles as strong or weak particles in accordance with the micrograph. Figure 2 .3a shows the simulation cell.
The interaction force is the negative first derivative of L.J. potential: F (r) = −∂ r V LJ . We define two types of interactions between particles: strong F s and weak F w . We set bulk-bulk interactions to be strong and we set bulk-interface or interface-interface interactions to be weak (figure 2.3b). the cut-off distance of the weak potential is taken where the maximum tunable parameter in the model. 
Chapter 3
Linear response
Introduction
We perform small deformations to measure the elastic moduli of the coating for different values of α. Periodic boundary conditions (PBCs) are used. We deform with a true strain rate (γ = 10 −6 τ −1 ) that is small enough for a rate-independent response. The simulation time step, ∆t = 10
where M is the mass of the smaller particle) which allows for efficient energy minimization using Verlet algorithm.
Cartesian structure of the modulus tensor
The stress-strain relationship is given by the equations:
where Einstein's convention is used. For a Lamé material, the elastic modulus tensor depends on only two parameters: λ and µ [3] . We use Voigt notation, for convenience [9] :
3)
where e 0 , e 1 , and e 2 are area-preserving pure shear along the main axes of the simulation box, area-preserving pure shear along the diagonals of the simulation box, and isotropic compression respectively [3, 9] .
Writing the stress-strain equations on this basis we get
Using the equations 3.2 -3.8 we can work out the components of the C matrix in equation 3.9 as follows: for an anisotropic material, any element of the C matrix could be nonzero, including offdiagonal ones.
Linear response results
Deforming Large deformations response
Introduction
We perform deformations up to 20% strain in various modes of loading. We start by uniaxial extension and compression tests, followed by simple shearing. To characterize any anisotropic behavior, we perform the tensile and compression tests twice, first along the y axis and then along the x. We use periodic boundary conditions (PBCs). The walls are deformed in a true strain rate small enough so the results are rate-independent. Integration time step
We plot the curl of the displacement field as it allows us to determine the sense of the slip along various shear bands. We describe a plotted field as incremental if the displacements of the particles were relative to a configuration at 1% strain from the current configuration (the 1% is chosen arbitrarily as we believe it captures the desired "instantaneous" behavior well enough). And as cumulative if the displacements of the particles were relative to the undeformed configuration (t=0).
Uniaxial extension
We extend the cells in the x direction while keeping the cell stress-free along the y direction.
We 
Uniaxial compression
We compress along the x axis while keeping the y axis stress-free by employing a Berendsen barostat. Unlike the case of extension, compressive loading for weak specimens leads to ductile plastic flow instead of catastrophic rupture. Under compression, the weak coatings exhibit a behavior similar to that of the bulk material, because interfaces are strong under compression. 
Pure shear
In pure shear loading, Chapter 5
Indentation
Introduction
In this section, we perform indentation tests on several locations, namely: 10 equidistant locations (figure 5.1a) to study site-to-site variations in the indentation loading curves and its connection to the geometry and the strength of interfaces [5, 17, 1, 10, 28, 24, 8, 20] .
We employ three different sizes of cylindrical indenter as shown in figure 5 .1b to observe the effect on loading curves as the relative size of the indenter changes. The boundaries are periodic in the horizontal direction. The particles on the top are free. The particles on the bottom are held fixed, modeling a perfectly rigid substrate. We have checked that indentation rate is small enough that there is little rate dependence. The total indentation depth is 160 σ and the time step ∆t = 10 −2 τ . 
Results
Performing the indentation, We observe that vertical load on the indenter fluctuates from one spot to another in the sample, depending on the geometry beneath the tip. For example, indenter 1 in figure 5 .2 happened to be at a location with a relatively large number of interfaces which makes it a "soft" spot, whereas indenter 2 is penetrating an almost monolithic spot. The corresponding load curves show that indenter 1 faces less resistance than indenter 2 and that can be clearly linked to the weak interfaces directly beneath the indenter. As 
Chapter 6 Conclusion
We present a study of the effect of the morphology of cold spray aggregates and the cohesion of the interfaces on its mechanical response to external loading. We conducted the study on a 2D, two-components, atomistic, amorphous models with different interfacial strengths. We Where L i is the initial length, t is the elapsed time from the beginning of the simulation, andγ is the true stain rate ("trate" in LAMMPS language).
A.0.2 Atomistic stress
LAMMPS calculate the pressure/stress of the system using the well known Virial stress formula. Virial stress is a per-atom tensor quantity obtained by calculating the time rate of change of momentum of a spatial region, accounting for both mechanical forces and mass transport across the boundary region [29, 13] . It computes six components for each atom as follows [13] :
The first term of the equation is the contribution of kinetic energy, which we ignore because we are working in a quasi-static regime. The second term is pairwise energy contribution, 
A.0.3 Indentation
Indentation tests were performed using LAMMPS package which defines a cylindrical indenter (circular in 2D) that repels atoms in contact with it by exerting a force on them. The indenter follows the following force equation [14] :
Where F is the force applied by the indenter on the touching particles, r is the center distance between the particle and the indenter, R is the indenter radius, and K ind is a specified force constant that governs the hardness of the indenter, the larger the K ind value, the more rigid the indenter. F is a repulsive force and equal zero for r > R.
A.0.4 Berendsen barostat
To perform a uniaxial tensile (compression) deformation on a periodic cell in LAMMPS, we employ Berendsen barostat to control the pressure at the free boundary, namely to keep it at nominal zero value. Berendsen barostat simply re-scales the system volume at every time step to achieve the desired pressure at the free edge [15] .
Appendix B
Post processing B.0.1 Interpolating the displacements of the mesh particles onto a regular grid
To define the strain we interpolate the particle displacements onto a regular grid and take a finite difference. We start by constructing a regular mesh (figure B.1) on-top of the actual particles and interpolate the displacement field of the particles. We calculate the displacement gradient using the central finite difference method (predefined as "gradient" function in python). Let U(x i , y j , t) = U x (x i , y j , t)î + U y (x i , y j , t)ĵ be the displacement of the mesh point at the i-th row and j-th column on the regular mesh at time t. U x and U y are the x and y displacement components, where directions unit vectors areî andĵ, respectively.
Components of displacement gradient tensor in equation ?? are calculated by finite difference as follows [22] : Where h x , h y are the regular mesh (figure B.1) spacing in x and y directions respectively. 
B.0.2 Strain
The strain field is calculated using Green-Lagrange equation [27] : 
B.0.3 Curl
The curl field is calculated according to the following equation:
Notice that when the culrl is positive, the field is rotating counter clockwise, while it rotates clockwise when the curl is negative.
